Background: Two prominent biological features of the advanced stages of human melanoma are their high degree of vascularity and high-level expression of basic fibroblast growth factor (bFGF) and fibroblast growth factor receptor-1 (FGFR-1). Given these characteristics, human melanoma serves as an ideal model to address an important question regarding the efficacy of angiogenesis-based cancer therapy. To induce tumor growth arrest and regression, does it suffice to block expression of bFGF and/or FGFR-1 in only the melanoma cells, or is it essential to inhibit expression of bFGF and/or FGFR-1 in both the melanoma cells and the melanoma cell-interspersing vasculature? Materials and Methods: Primary and metastatic human melanomas, grown as subcutaneous tumors in nude mice, were injected twice a week with vector constructs containing the human tyrosinase promoter and antisenseoriented human bFGF or FGFR-1 cDNA. On alternating days, the bFGF and FGFR-1 antisense-targeted tumors received injections of cyanine fluorochrome-conjugated antibodies to a human melanoma and mouse blood vessel
Introduction
Unlike normal melanocytes, primary melanomas in the vertical growth phase (VGP) and melanomas in the metastatic growth phase (MGP) express high levels of basic fibroblast growth factor (bFGF) and fibroblast growth factor receptor-1 (FGFR-1). Regarding the function of these two genes in advanced stage melanomas, previous in vitro studies revealed that expression of bFGF/FGFR-1 is essential for the proliferation of VGP and MGP melanoma cells (1, 2, 3) . Furthermore, antisense targeting of bFGF/FGFR-1 in VGP and MGP melanomas, grown as subcutaneous tumors in nude mice, demonstrated inhibition of tumor growth and regression as a result of blocked intratumoral angiogenesis (4) . Given these findings, the present study was designed to address two important, yet unresolved questions with respect to potential angiogenesis-based melanoma therapy. First, in a neoplasm such as melanoma, which produces high levels of bFGF/FGFR-1, does intratumoral angiogenesis constitute a process that involves bFGF/FGFR-1 signaling from the tumor cells to the endothelial cells lining the intratumoral blood vessels, or does it involve bidirectional signaling from the tumor cells to the tumor vasculature and vice versa? Second, what is the biologic mechanism(s) that leads to melanoma growth arrest following targeted inhibition of bFGF/FGFR-1 in only the melanoma cells versus simultaneous inhibition of bFGF/FGFR-1 in the melanoma cells and the melanoma-interspersing blood vessels?
Given the recent advances in optical imaging combined with the application of cyanine-based fluorochromes that fluoresce in the near-infrared (5, 6) , it has become possible to visualize, noninvasively and in real time, dynamic changes in living biological systems that cannot be captured by conventional light microscopy (7) . Conducting noninvasive, dynamic fluorescence imaging of human melanomas injected with human tyrosinase (Tyr), Rous Sarcoma Virus (RSV) promoter-driven bFGF, or FGFR-1 antisense construct and fluorochrome-conjugated antibodies to a human melanoma and mouse blood vessel marker, the findings presented here demonstrate that antisense targeting of bFGF and, likewise, FGFR-1 in only the melanoma cells is as effective in inhibiting tumor growth as blocking expression of bFGF and FGFR-1 simultaneously in the melanoma cells and the melanoma cell-interspersing blood vessels. In addition, the results of this macroscopic and microscopic cyanine fluorochrome-based optical imaging study provides the first evidence that targeting bFGF or FGFR-1 in the melanoma cells induces extensive melanoma cell-specific apoptosisa process the melanoma cells are unable to circumvent by activating or increasing expression of another growth factor/receptor.
Materials and Methods

Cell Culture
Human VGP (WM 98-2; WM 983-A) and MGP (WM 983-B) melanoma cell lines were cultured as previously described (2, 3) .
Vector Constructs
A 430-bp human tyrosinase promoter cDNA fragment (8) was subcloned via an Xho I and Xba I restriction site to replace a 670-bp RSV promoter-specific cDNA in pREP7 plasmids (Invitrogen, Carlsbad, CA, USA), containing an antisense-oriented, full-length 1.4-kb human bFGF cDNA and an antisense-oriented, fulllength 3.3-kb FGFR-1 cDNA (4). Sequence analysis ensured correct insertion and orientation of the human tyrosinase promoter in the respective vectors.
Cyanine Fluorochrome Conjugation of Antibodies
Conjugations of antibodies with Cy3 or Cy5 were performed with commercially available CyDye Fluorolink antibody labeling kits (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Activation of Cy7 and Cy7 fluorochrome-labeling of antibodies were carried out as previously described (5) . Antibodies used in these studies were anti-cow S100 monoclonal antibody (Dako Corporation, Carpenteria, CA, USA), antimouse CD31 monoclonal antibody (PharMingen, San Diego, CA, USA), anti-human bFGF and FGFR-1 monoclonal antibodies (Selective Genetics, San Diego, CA, USA), and anti-human VEGF-D monoclonal antibody (R&D Systems, Minneapolis, MN, USA).
Noninvasive Dynamic Fluorescence Imaging
A modified Nikkor (Nikon, Melville, NY, USA) 50-mm lens, attached to a C250 Peltier-cooled chargecoupled device (CCCD) camera (Photometrics, Waterloo, Ontario, Canada), was used to visualize and record images of human VGP and MGP melanomas, grown as subcutaneous tumors in nude mice (nu/nu, BALB/c background, Taconic). The tumor-bearing animals were sedated for a short period and placed on a stage mounted below the camera lens. Excitation light was delivered via a split-fiber optics source placed above the animals. Live images of tumors were captured through the skin of the mice with exposure times of 30 sec. The filters (Chroma Technology, Brattleboro, VT, USA) were as follows: for Cy3 (excitation 530 nm, emission 590 nm), Cy5 (excitation 640 nm, emission 670 nm), and Cy7 (excitation 710 nm, emission 810 nm). Exposure times and illumination intensities were equalized for intensity-based comparisons.
Noninvasive, live images of tumors, injected with acridine orange (5 g/tumor), were captured with exposure times of 2 min, using a fluorescein filter (470 nm) for excitation and a Cy5 excitation filter (640 nm) for emission. Red-green-blue (RGB) images of the tumors were pseudocolored for optimal display contrast with custom-designed Biological Detection Systems (BDS, Pittsburgh, PA, USA) imaging software.
Fluorescence Imaging of Tumor Sections
A Zeiss Axiovert platform-based, modified multimode microscope (9) , equipped with a Plan Neofluar 40X, 1.3 N.A. oil immersion objective and the cooled CCD camera were used to view and record images of tissue sections prepared from tumors. Acetone-fixed, 5-m tissue sections, prepared from snap-frozen VGP and MGP melanomas injected with human tyrosinase and RSV promoter-driven human bFGF or FGFR-1 antisense construct and cyanine fluorochrome-labeled antibodies were imaged for 10 sec.
Acetone-fixed, adjacent 5-m tissue sections, obtained from snap-frozen tumors, which had received bFGF or FGFR-1 antisense construct but no cyanine fluorochrome-labeled antibodies were incubated for 60 min in a 37ЊC humidified chamber with Cy3-conjugated anti-human VEGF-D, Cy5-conjugated antihuman bFGF, or Cy7-conjugated anti-human FGFR-1 antibody. Thereafter, the sections were rinsed several times with phosphate-buffered saline (PBS), mounted with xylene-based Cytoseal (Stephens Scientific, Riverdale, NJ, USA), and imaged for 10 sec with the respective cyanine excitation and emission filters.
Acetone-fixed, 5-m tissue sections, prepared from tumors that had been inoculated with bFGF or FGFR-1 antisense construct but not with cyanineconjugated antibodies or acridine orange, were stained with a rhodamine-based ApopTaq in situ apoptosis detection kit (Intergen, Norcross, GA, USA). The rhodamine-stained tumor sections were imaged for 5 sec, using Cy3 excitation and emission filters. RGB images of the tumor sections were generated using BDS imaging software.
Results
Intratumoral Injection of Tyr-bFGF or Tyr-FGFR-1 Antisense Construct Inhibits Melanoma Growth
Previous studies, conducted with VGP and MGP human melanoma cells grown as subcutaneous tumors RSV promoter-driven bFGF and FGFR-1 antisenseoriented vectors.
Noninvasive In Vivo and Ex Vivo Fluorescence Imaging of bFGF and FGFR-1-Antisense-Targeted Melanomas Reveals Extensive Melanoma Cell Death
Recent advances in real-time, spatiotemporal optical imaging have opened new avenues for intravital documentation and assessment of physiologic functions in malignant and nonmalignant diseases. Using fluorochrome-based imaging, we captured over a period of 2 weeks, live images of VGP and MGP melanomas growing as subcutaneous tumors in nude mice. Control tumors were comprised of uninjected melanomas, melanomas that received only liposomes, and melanomas that were injected with pREP7 vector mixed with liposomes. The groups of experimental tumors received Tyr-bFGF, Tyr-FGFR-1, RSV-bFGF, or RSV-FGFR-1 antisense construct mixed with liposomes. On the days following the twice-weekly injections with the respective vector construct or liposomes only, the tumors were inoculated with a Cy7-conjugated S100 antibody, which binds to melanoma cells (10) , and a Cy5-labeled antibody to CD31 antigen, which is expressed on endothelial cells (11) . Examples of images of MGP melanomas, captured noninvasively, through the skin of the live animals at 2weeks of intratumoral injections, are presented in Figure 2 . At that point, the large tumors representing the three different groups of controls ( Fig. 2A) were generating bright fluorescent images upon injection with the Cy7-S100 (a-c, pseudocolored green) and Cy5-CD31 antibody (d-f, pseudocolored red). In contrast, the experimental groups of melanomas (Fig. 2B) , injected with Tyr-bFGF (a and e), Tyr-FGFR-1 (b and f), RSV-bFGF (c and g), or RSV-FGFR-1 vector (d and h), yielded significantly weaker, and in some cases also smaller Cy7-S100 (a-d) and Cy5-CD31 (e-f) fluorescent images.
Because the in vivo images of the bFGF and FGFR-1 antisense-targeted tumors, recorded over a period of 2 weeks, indicated that the melanoma cells and intratumoral blood vessels might be dying, we sacrificed all tumor-bearing animals and imaged tissue sections from the resected tumors. Representative examples of these ex vivo tumor images, acquired in the Cy5 and Cy7 channels and then superimposed, are depicted in Figure 2C . Cy7-S100/ Cy5-CD31 images of an uninjected MGP melanoma (a), an MGP melanoma that received only liposomes (b), and an MGP melanoma injected with pREP7 vector/liposomes (c) showed a dense population of melanoma cells (pseudocolored green), interspersed by large blood vessels (pseudocolored red). In contrast, ex vivo images of Tyr-bFGF (d), Tyr-FGFR-1 (e), RSV-bFGF (f), or RSV-FGFR-1 antisense-targeted melanomas (g) revealed considerably fewer Cy7-S100 fluorescent melanoma cells. in nude mice, revealed that antisense targeting of bFGF and FGFR-1 blocks intratumoral angiogenesis and tumor growth (4) . To inhibit production of bFGF and FGFR-1, the melanomas were injected with Epstein-Barr virus (EBV)-based mammalian expression vectors that expressed antisense-oriented, fulllength cDNA for human bFGF or FGFR-1 under the control of a constitutive RSV promoter, which is expressed in different types of mammalian cells, including epithelial and endothelial cells, as well as fibroblasts.
To obtain a more detailed insight into regulation of melanoma angiogenesis, addressing in particular the issue of potential "cross-talk" between bFGF/ FGFR-1 produced by melanoma cells and angiogenic molecules emanating from endothelial cells lining the melanoma-interspersing vasculature, we replaced the RSV promoter in the bFGF and FGFR-1 antisense-oriented plasmid with a 430-bp cDNA fragment of the human tyrosinase promoter (8) , which is strongly expressed in cells of the human melanocytic lineage. To assess the efficacy of the TyrbFGF and Tyr-FGFR-1 antisense constructs in vitro, we transfected VGP and MGP melanoma cell lines with the respective plasmids. As shown previously in the case of VGP and MGP melanoma cells transfected with the RSV-bFGF and RSV-FGFR-1 constructs (4), transfection of the Tyr-bFGF and Tyr-FGFR-1 antisense-oriented plasmids did not yield hygromycin-resistant colonies because the melanoma cells died within 2 days following transfection (data not shown).
To test the impact of intratumoral injections of the Tyr-bFGF and Tyr-FGFR-1 antisense constructs on melanoma growth in vivo, VGP and MGP melanoma cells, grown in nude mice as subcutaneous tumors to a diameter of 5 mm, were injected with an initial dose of 100 g of plasmid DNA mixed with 10 nmol of DC-Chol liposomes, followed by twice-weekly intratumoral injections of 20 g of plasmid DNA mixed with 10 nmol of DCChol liposomes. Figure 1 shows the results of targeting studies in MGP melanomas, which were very similar to those obtained upon intratumoral injections of the vector constructs into VGP melanomas (data not shown). Compared to uninjected MGP melanomas and MGP melanomas that received injections with pREP7 vector not containing bFGF or FGFR-1 cDNA, tumors injected with Tyr-bFGF (a) or Tyr-FGFR-1 antisense construct (b) did not grow significantly beyond their initial size. Because these findings provided a first indication that targeting bFGF and FGFR-1 in only the melanoma cells may be as effective in blocking tumor growth as inhibiting expression of bFGF or FGFR-1 in melanoma cells and the melanoma cell-interspersing vasculature (4), we initiated a series of optical imaging studies to visualize and record the biological events that unfold inside melanomas as the result of intratumoral injections of the human tyrosinase versus
Tyr-bFGF/FGFR-1-Targeted Melanomas Do Not Activate Expression of Another Growth Factor to Override the Blocked Melanoma Cell Growth
To investigate whether the melanoma cells, upon blocking their production of bFGF or FGFR-1 with the Tyr-bFGF or Tyr-FGFR-1 antisense construct, activated or increased expression of another molecule such as vascular endothelial growth factor (VEGF) in an effort to circumvent or override the arrest in proliferation, we stained tissue sections from the Tyr-bFGF and Tyr-FGFR-1 antisense-targeted tumors with a VEGF-D antibody conjugated to Cy3. Uninjected melanomas, melanomas injected with pREP7 construct (data not shown), and melanomas that received only DC-Chol liposomes (Fig. 3a, pseudocolored red), exhibited strong expression of VEGF in the tumor vasculature and to a lesser extent in the melanoma cells. In contrast, tissue sections of the Tyr-bFGF (Fig. 3b) and Tyr-FGFR-1 antisensetargeted melanomas (Fig. 3c) showed no VEGF staining, regardless of whether the tissue sections were derived from the center or periphery of the tumors. In addition, we probed tissue sections from the same tumors with a Cy5-conjugated bFGF and Cy7-conjugated FGFR-1 antibody. Sections prepared from control tumors showed prominent bFGF (Fig. 3d, pseudocolored yellow) and FGFR-1 staining (Fig. 3g, pseudocolored green) of the melanoma cells, whereas tissue sections from Tyr-bFGF (Figs 3e and 3h) and Tyr-FGFR-1 (Figs 3f and 3i) antisense- Figure 1 . Twenty-four hours following the second injection of plasmid construct, each tumor was injected with 5 g of Cy5-conjugated CD31 antibody. Two hours later, the tumors were imaged noninvasively with a Cy5 excitation and emission filter. Thereafter, the tumors were injected with 5 g of Cy7-conjugated S100 antibody, and 2 hours later, the tumors were imaged noninvasively using a Cy7 emission and excitation filter. The three groups of control tumors were MGP melanomas, which received fluorochrome-conjugated S100 and CD31 antibody but no plasmid, MGP melanomas that received DC-Chol liposomes and the two fluorochrome-conjugated antibodies, and tumors that were injected with pREP7 vector and the two cyanine dye-conjugated antibodies. Noninvasive, dynamic fluorescence imaging of the tumors was performed twice a week. All animals were sacrificed when the control tumor-bearing mice reached the maximal allowable size of 2 cm in perpendicular diameter. Examples of pseudocolored, noninvasive fluorescent images of control tumors, captured after 2 weeks of intratumoral antibody injections, are depicted in (A). (Fig. 2A, panels a and d) An MGP melanoma, which received only Cy7-conjugated S100 (panel a, pseudocolored red), and Cy5-conjuagted CD31 antibody (panel d, pseudocolored green). Panels (b) and (e) show an MGP melanoma injected with DC-Chol liposomes and Cy7-S100 (panel b) and Cy5-CD31 antibody (panel e). (Fig. 2A , panels c and f) A tumor that was inoculated with pREP7 vector, mixed with DC-Chol liposomes, followed by injection of Cy7-S100 (panel c) and Cy7-CD31 antibody (panel f). (Fig. 2B, panels a-h ) Pseudocolored, noninvasively captured fluorescent images of MGP melanomas 2 weeks after injections with tyrosinase or RSV-promoter-driven bFGF or FGFR-1 antisense constructs and fluorochromeconjugated S100 and CD31 antibody. A tumor that received Tyr-bFGF antisense construct and Cy7-S100 antibody is displayed in (panel a). A Cy5-CD31 fluorescent image of the same tumor is shown in (panel e). The tumor shown in panels b and f received Tyr-FGFR-1 antisense construct and Cy7-S100 (panel b) and Cy5-CD31 antibody (panel f). Panel c depicts a tumor inoculated with RSV-bFGF antisense construct and Cy7-S100 and Cy5-CD31 antibody (panel g). An MGP melanoma, which received RSV-FGFR-1 antisense-oriented plasmid and Cy7-S100 and Cy5-CD31 antibody, is presented in panels d and h, respectively. Displayed in Fig. 2C , panels a-g are superimposed, pseudocolored fluorescent images of tissue sections, which were prepared from the noninvasively imaged tumors, depicted in Fig. 2A, and targeted tumors revealed only a few melanoma cells along their periphery, which demonstrates the presence of bFGF (Figs 3e and 3f) or FGFR-1 protein (Figs 3h and 3i) .
Blocking Production of bFGF or FGFR-1 in Melanoma Cells Induces Massive and Irreversible Apoptosis
To address the possibility that blocking expression of bFGF and likewise, FGFR-1 in the melanoma cells did lead to extensive melanoma cell apoptosis, Tyr-bFGF and Tyr-FGFR-1 antisense-targeted melanomas were injected with the fluorescent dye acridine orange, which binds to fragmented doublestranded DNA and thus serves as a marker for apoptotic cells (12) Figure 4a is a representative in vivo image of a control tumor that was inoculated twice a week for 2 weeks with DC-Chol liposomes, followed by a single injection of acridine orange. Figures 4b and 4c are noninvasively captured acridine orange images of a Tyr-bFGF (Fig. 4b) and a Tyr-FGFR-1 (Fig. 4c) antisense-targeted melanoma, which had received twice-weekly injections of the vector constructs for a period of 2 weeks.
To independently verify the observation that melanomas are driven into apoptosis as the result of blocking bFGF and FGFR-1 production in the melanoma cells, tissue sections prepared from VGP and MGP melanomas, which had been inoculated twice a week for 4 weeks with the Tyr-bFGF or arrest. Furthermore, fluorescence imaging of tissue sections prepared from the tumors, resected on day 40, did not reveal the presence of Cy7-S100-labeled melanoma cells or Cy5-CD31-stained blood vessels (data not shown).
Discussion
Gaining insights into the molecular and cellular mechanisms governing tumor angiogenesis has become one of the central themes in cancer biology (14) (15) (16) , and the characterization of pro-and anti-angiogenic molecules has led to a series of clinical trials to assess whether anti-angiogenic treatment can be an effective strategy to restrict tumor growth (15, 17, 18) .
In line with these topics, the first series of studies, conducted more than a decade ago, demonstrated that the pro-angiogenic molecule, bFGF, and one of its receptors, FGFR-1, are produced at high levels by VGP and MGP melanoma cells and govern their proliferation (1) (2) (3) . Subsequent investigations, conducted in vivo, revealed that blocking expression of Tyr-FGFR-1 construct, were subjected to rhodaminebased TUNEL staining (13) . Like in the case of the noninvasively captured in vivo images, the ex vivo images of the Tyr-bFGF and Tyr-FGFR-1-targeted melanomas (Figs 4e and 4f ) demonstrated extensive melanoma cell apoptosis, whereas the control tumors did not (Fig. 4d) .
Despite the fact that the Tyr-bFGF and Tyr-FGFR-1 antisense-targeted melanoma cells revealed an extensive degree of apoptosis, there nevertheless was a possibility that some of the melanoma cells remained viable and over time, would be able to repopulate the tumors. To address this possibility, MGP melanomas were injected twice weekly with the Tyr-bFGF or Tyr-FGFR-1 plasmid-liposome complexes. On day 25 following the first intratumoral injection, the inoculations were stopped and thereupon, tumor sizes were measured on a daily basis for another 15 days. As depicted in Figure 5 , we did not obtain experimental evidence that the Tyr-bFGF or Tyr-FGFR-1 antisense-targeted melanomas were able to overcome their growth bFGF or FGFR-1 in VGP and MGP melanomas, grown as subcutaneous tumors in nude mice, causes tumor growth arrest as a result of blocked intratumoral angiogenesis (4) . However, these previous in vivo studies involved intratumoral injections of bFGF and FGFR-1 antisense constructs under the control of a constitutive RSV promoter, which is expressed in different cell types, including endothelial cells. Thus, it was not possible to determine whether the observed tumor growth arrest and blocked intratumoral angiogenesis were the result of blocked production of bFGF/FGFR-1 in the melanoma cells or in the melanoma cells and the intratumoral vasculature.
The answer to this question is now provided by the present in vivo study, which demonstrates that inhibiting expression of bFGF and likewise, FGFR-1, in only the melanoma cells is as effective in blocking tumor growth as simultaneously inhibiting bFGF/FGFR-1 synthesis in the melanoma cells and the melanoma cell-interspersing blood vessels. Interestingly, albeit surprisingly, the experiments also revealed that blocking expression of bFGF or FGFR-1 in the melanoma cells did not cause the melanoma cells to activate or increase production of another angiogenic molecule such as VEGF or another nonangiogenic growth factor/growth factor receptor to sustain their proliferation. Similarly, another "rescue mechanism" one may have predicted to be switched on, at least in the Tyr-bFGF antisensetargeted melanomas, was for bFGF, produced by the endothelial cells lining the intratumoral blood vessels, to bind to FGFR-1 on the melanoma cells and thereby ensure continuous growth of the tumors. However, neither of these potential salvage pathways appeared to be in place. Instead, within a day or two after the tumors had received the first dose of Tyr-bFGF or Tyr-FGFR-1 antisense construct and while the melanoma cells were still interspersed by a large number of visibly viable blood vessels, noninvasively captured live images revealed that clusters of melanoma cells started to exhibit the first signs of apoptosis. In fact, following continuous intratumoral injection of each plasmid construct, it was the melanoma cells rather than the intratumoral blood vessels that underwent massive apoptosis.
Although the model explored in this study provides a detailed picture of the biological events set in motion by the specific targeting of bFGF and FGFR-1 in VGP and MGP human melanoma cells, the results, in turn, raise two important questions. First, how representative will these findings be with respect to other solid malignancies that, like melanoma, express high levels of pro-angiogenic molecules, which are also produced by the tumor vasculature? The second question is what happens to the biology of advanced stage melanomas upon blocking expression of bFGF and FGFR-1 exclusively in the melanoma cell-interspersing vasculature. We are in the process of experimentally addressing this latter issue. In addition to having provided important new insights into the function of bFGF and FGFR-1 in advanced stage human melanomas, which may guide potential new melanoma therapy and angiogenesis-based investigations into a different direction, our study also illustrates the ability of high-resolution, cyanine dye-based fluorescent imaging to visualize and track, through the skin of live animals, the results of intratumorally targeting genes in a human neoplasm growing as subcutaneous xenografts.
